In order to detect a motif of local structures in different protein conformations, the Delaunay tessellation is applied to protein structures represented by C α atoms only. By the Delaunay tessellation the interior space of the protein is uniquely divided up into Delaunay tetrahedra whose vertices are the C α atom positions. Some edges of the tetrahedra are virtual bonds connecting adjacent residues' C α atoms along the polypeptide chain and others indicate interactions between residues nearest neighbouring in space. The rules are proposed to assign a code, i.e., a string of digits, to each tetrahedron to characterize the local structure constructed by the vertex residues of one relevant tetrahedron and four surrounding it. Many sets comprised of the local structures with the same code are obtained from 293 proteins, each of which has relatively low sequence similarity with the others. The local structures in each set are similar enough to each other to represent a motif. Some of them are parts of secondary or supersecondary structures, and others are irregular, but definite structures. The method proposed here can find motifs of local structures in the Protein Data Bank much more easily and rapidly than other conventional methods, because they are represented by codes. The motifs detected in this method can provide more detailed information about specific interactions between residues in the local structures, because the edges of the Delaunay tetrahedra are regarded to express interactions between residues nearest neighbouring in space.
Introduction
In order to understand protein structure, a study of commonly occurring local structures in different proteins, which we refer to as a motif, is very important. It is well known that the three-dimensional (3D) structure of proteins has been better conserved during evolution than amino acid sequence. A simple relationship between sequence identity and structural similarity has been found among homologous proteins (Chothia and Lesk, 1986; Sander and Schneider, 1991; Flores et al., 1993; Chelvanayagam et al., 1994) . Even if it is hard to show statistically significant sequence similarity, evolutionary relationships between distantly related proteins can be inferred based on 3D structural similarity (Johnson et al., 1990a,b) . Several structural alignment methods, which take into account several structural properties besides the amino acid sequence, have been also proposed to improve accuracy of the sequence alignment (Sali and Blundell, 1990; Flores et al., 1993; Holm and Sander, 1993; Chelvanayagam et al., 1994; Russell and Barton, 1994) . To go a step further, methods have been developed for systematic structure comparison among not only homologous but also non-homologous proteins. They are suitable for databank searches and clustering (Taylor and Orengo, 1989; Alexandrov et al., 1992; Sander, 1993, 1996; Alexandrov and Go, 1994; Mizuguchi and Go, 1995; Orengo and Taylor, 1996) .
Since most motifs play a functionally or structurally important role, the motif searches may be expected not only to give insight into the relationship between proteins and their possible evolutionary origins, but also to deepen our understanding of the relationships between the amino acid sequence and the 3D structure. Accumulation of many motifs can serve as a database that is helpful for homology modelling, ab initio prediction of structure from sequence, and de novo design of proteins. Our purpose in this paper is to propose a novel method to detect a motif of local structures in different protein conformations.
It is usually more comprehensive to assume that protein structures are arranged in hierarchical fashion, i.e., amino acid sequence, secondary structure, supersecondary structure, domain and tertiary structure (Schurtz and Schirmer, 1979; Richardson, 1981) . Accordingly, it is reasonable to define motifs at each level of this hierarchy. At secondary structure level α-helix, β-strand and various kinds of turns are regarded as motifs. At supersecondary structure level there are various motifs assembling a couple of secondary structure elements such as β-α-β, α-turn-α, parallel-and antiparallel-β-sheet and α-helix bundle. At domain level the motif is a more ambiguous concept. Their classification has not been established yet. In fact, even in FSSP (Holm and Sander, 1994) , SCOP (Murzin et al., 1995) and CATH , wellknown domain classification databases, their classifications do not coincide with each other for some proteins at present. The motifs in which we are interested are at secondary and supersecondary structure levels, or at a structure level classified in between. As a matter of fact, some of the motifs defined in this paper are parts of secondary and supersecondary structures, and others are structures of similar size not directly related to the secondary structures. We refer to these structure as local structures. The method presented here can provide more detailed information about the motifs at such a level.
A view of protein structures as an assembly of secondary structures is the most popular. Such a picture is considered reasonable, but not trivial. In fact, a module proposed by Go (1985) is defined based on the compactness of a contiguous local region of protein irrespective of the secondary structures. In the method proposed here we do not presuppose the existence of the secondary structures either. We think that the method to detect motifs without the presupposition of secondary structures is significant, even if it may be shown after the analyses that secondary structures are essential elements to describe the protein structure. This attitude is also useful to analyse the regions with ambiguously defined structures such as N-and C-terminals of secondary structures and irregular (but possibly definite) loop structures.
It is also optional in the analysis of the motifs whether or not they are defined as a contiguous region along the polypeptide chain. In this study we do not give such a restriction to the detection algorithm explicitly. As described below, we will focus our attention on the network of spatially nearest neighbouring residues in protein structures. However, information about sequential connectivity of the amino acid residues is included implicitly through the unique numbering method of vertex residues on the Delaunay tetrahedron proposed below.
In this paper we apply the Delaunay tessellation to protein structures to detect a motif of local structures. Delaunay tessellation has been used for structural analyses of various disordered systems. In most such cases it has served as a valuable tool for structure description (Voloshin et al., 1989; Vaisman et al., 1994) . As for protein structures, Yamato et al. (1994) employed the Delaunay tessellation to analyse a thermally fluctuating protein structure in molecular dynamics simulation. It was also applied to the analyses of pressureinduced deformations of proteins derived from normal mode analysis (Yamato, 1996; Kobayashi et al., 1997) . In these studies the Delaunay tetrahedra are used to define topographical structures and metric of the protein molecule at atomic level.
Recently, Singh et al. (1996) made statistical analysis of residue composition of Delaunay tetrahedra and revealed that non-random preferences for certain quadruplets of amino acids to be clustered together. This work was developed further by the same group (Munson and Singh, 1997) to derive empirical multi-body potentials and to apply the obtained potentials to sequence-structure alignment.
The Delaunay tetrahedron is composed of four vertices (C α atom positions in this study) and six edges connecting them. Since the edges connect essentially the nearest neighbouring C α atoms in space, the characterization of the networks of the edges can be used to define types of local structures with respect to residue-residue interactions. For such a characterization we propose a method to assign a code, i.e., a string of digits, to each Delaunay tetrahedron, and then show that the local structures with the same code are similar enough to each other to represent a motif.
Materials and methods

Delaunay tessellation
In this work the Delaunay tessellation is applied to the analysis of protein structures. By representing amino acid residues in the protein molecule only by C α atoms, the protein structure is described as a set of points (C α atoms) in 3D space. The Delaunay tessellation of the protein structure generates an aggregate of space-filling irregular tetrahedra, or Delaunay simplices (we refer to them as Delaunay tetrahedra or simply as tetrahedra in this paper). To explain the Delaunay tessellation we first describe a related geometric construct, the Voronoi polyhedron. That is, an entire 3D volume is divided into nonoverlapping regions called Voronoi polyhedra, each of which is defined as a set of points closest to one particular particle (C α atom in this case) of the protein. The boundary points of the Voronoi polyhedra are thus equally distant from two particles. Particles whose Voronoi polyhedra share a common boundary are said to be in contact or nearest neighbours of each other. If we connect particles in contact with a line Fig. 1 . An example of the Delaunay tessellation of protein and vertex numbering. (a) A thick line is a C α trace of human transforming growth factor α, which consists of 50 amino acid residues (PDB entry ID is 4tgf; Kline et al., 1990) . A thin line is an edge of the Delaunay tetrahedron generated by the Delaunay tesselation. (b) A central tetrahedron 1234 and four surrounding tetrahedra, 2345, 1346, 1247 and 1238. To the four vertices of the central tetrahedron, digits, 1, 2, 3 and 4, are assigned in increasing order of the corresponding vertex residues' numbers. To the four vertices of the surrounding tetrahedra besides the common vertices with the central one, digits, 5, 6, 7 and 8, are assigned just as shown in this figure. The vertex residues 5, 6, 7 and 8 do not always exist.
segment, there appear the Delaunay simplices composed of the vertices (i.e., the C α atoms) and the line segments connecting them. It is well known that the Delaunay simplices in 3D space are always tetrahedra. The complete set of tetrahedra divides up the interior space of the protein into non-overlapping volume elements. It is called Delaunay tessellation. This tessellation uniquely defines all the Delaunay tetrahedra for a given protein structure.
In order to calculate the Delaunay tessellation we use the program Qhull (Barber et al., 1995) obtained by anonymous ftp (geom.umn.edu/pub/software). In the calculated tessellation for a given protein structure, however, we found that some pairs of C α atoms too distant from each other are connected in some geometrically irregular regions, such as on the surface, active site crevasses and N-and C-terminals. Since we assume that the edges of the Delaunay tetrahedra connecting two amino acid residues reflect some interactions between these residues in this work, we took into account only the Delaunay tetrahedra in which all of the four edges are shorter than a given cut-off distance (10 Å in this study). An example of the Delaunay tessellation of a protein molecule is shown in Figure 1a .
The Delaunay tessellation is just a geometrical operation without any explicit consideration of properties specific to protein structures. It should be emphasized that the chain connectivity and secondary structures are not taken into computation of the tessellation, even though they are taken into account implicitly, because the residues in close contact are very likely to be connected as the edges of the Delaunay tetrahedra. Code assignment to tetrahedron Consider a Delaunay tetrahedron T 0 . The amino acid residue numbers at the four vertices of the tetrahedron are denoted v 1 (T 0 ), v 2 (T 0 ), v 3 (T 0 ) and v 4 (T 0 ). Here we require the following rule for putting the suffixes 1 to 4, i.e., v 1 (T 0 ) Ͻ v 2 (T 0 ) Ͻ v 3 (T 0 ) Ͻ v 4 (T 0 ). Accordingly, we can uniquely number four vertices of any Delaunay tetrahedron with the digits 1 to 4.
We also consider the surrounding tetrahedra which share one of the facets (triangles) of T 0 . At most it is possible for four tetrahedra to exist, T 5 , T 6 , T 7 and T 8 , although they do not always do so. If they exist, we denote the residue numbers at the vertices of these tetrahedra not contained by T 0 , v 5 (T 0 ), v 6 (T 0 ), v 7 (T 0 ) and v 8 (T 0 ), respectively. The four tetrahedra, T 5 , T 6 , T 7 and T 8 , are defined as sets of vertex residues, {v 2 , v 3 , v 4 , v 5 }, {v 1 , v 3 , v 4 , v 6 }, {v 1 , v 2 , v 4 , v 7 } and {v 1 , v 2 , v 3 , v 8 }, respectively. It should be noticed that the suffixes 5 to 8 are also uniquely assigned to the vertex residues in relation to suffixes 1 to 4 (see Figure 1b) . It should be also noticed that it frequently occurs that some of the vertices v 5 to v 8 share the same residue.
Then we assign a code, a string of digits, c(T 0 ), to the tetrahedron T 0 according to the following rules: , 14, 16, 17, 15, 82, 82 , 15}, the code is 12583467
. This is the case where v 5 ϭ v 8 and v 6 ϭ v 7 . For {51, 60, 62, 63,, 12,, 11}, the code is 861234 (v 8 Ͻ v 6 Ͻ v 1 Ͻ v 2 Ͻ v 3 Ͻ v 4 ). This is the case where v 5 and v 7 are missing. Some other examples can be found in Results.
There are 1680 possible codes of 8 digits. There are also 840, 180, 20 and 1 possible codes of 7, 6, 5 and 4 digits, respectively. The total number of possible codes is 2721.
As shown in Results, however, this code c(T 0 ) is not enough to detect a motif of local structures. We found that it is better to take into account the tetrahedra T 5 , T 6 , T 7 and T 8 , neighbouring T 0 . The codes are assigned to these tetrahedra in the same manner as T 0 . Including these four codes we assign a set of the codes c(T 0 ): c(T 5 ): c(T 6 ): c(T 7 ): c(T 8 ) to the tetrahedron T 0 . We refer to the former code as a single tetrahedron (ST) code, and to the latter as a nearest neighbour tetrahedra (NNT) code, in this paper.
In the NNT code, at most 20 residues are taken into account, since each of the four tetrahedra, T 5 , T 6 , T 7 and T 8 , has three nearest neighbouring tetrahedra, T 9 to T 11 , T 12 to T 14 , T 15 to T 17 and T 18 to T 20 , respectively, except for T 0 . The residue numbers at the vertices of T 9 to T 20 not included in T 5 to T 8 are referred to as v 9 to v 20 , respectively. Since some of the residues v 9 to v 20 do not exist, or share the same vertices similarly to v 5 to v 8 , the net number of residues related to the NNT code is not necessarily equal to 20, but usually less than 20. This is the size of the local structures considered in this paper.
(The vertex residues for the tetrahedra T 9 to T 20 are explicitly given in the followings: T 9 ϭ {v 3 , v 4 , v 5 , v 9 }, T 10 ϭ {v 2 , v 4 , v 5 , v 10 }, T 11 ϭ {v 2 , v 3 , v 5 , v 11 }, T 12 ϭ {v 3 , v 4 , v 6 , v 12 }, T 13 ϭ {v 1 , v 4 , v 6 , v 13 }, T 14 ϭ {v 1 , v 3 , v 6 , v 14 }, T 15 ϭ {v 2 , v 4 , v 7 , 
Proteins analyzed
The proteins analysed in this paper are given in Appendix 1.
Results
By the Delaunay tessellation 208 434 tetrahedra are obtained from 293 proteins. The two kinds of codes, ST and NNT, are assigned to each tetrahedron according to the rules described above. Of the 2721 possible ST codes, 405 are not found, 206 are assigned only to one tetrahedron and 131 to two tetrahedra. On the contrary, the most abundant ST code is 68123457, which is assigned to 18 094 tetrahedra. The next most abundant ST codes are 67125834, 12583467, 125834, 1258346 and 12683457, which are assigned to 5584, 4762, 4614, 1782 and 1771 tetrahedra, respectively. In Table I the residue number patterns at the eight vertices v 1 to v 8 , {v 1 , v 2 , v 3 , v 4 , v 5 , v 6 , v 7 , v 8 }, denoted by {v 1 -v 8 } hereinafter, are shown for the top four most abundant ST codes. The residue number patterns are used as implication of 3D structures at the first glance (the structures with the same residue number patterns are similar to each other in general; however, it is necessary to make certain of the structural similarity by their superposition). Residue number v 1 is set to i, and then the relative residue numbers are shown for v 2 to v 8 . If the residue number is regarded to have no relation with v 1 , different characters j, k, ... are used. Table I shows that there are various residue number patterns for one code. As shown below, the first code 68123457 corresponds essentially to part of the α-helix structure. However, the second and third codes, 67125834 and 12583467, correspond to either part of the α-helix or β-sheet. This means that different local structures are assigned to the common ST code. Consequently, the ST code alone is not enough to distinguish the local structures. In Table II the residue number patterns {v 1 -v 8 } are given for the top seven most abundant NNT codes. Although each NNT code corresponds to only one residue number pattern in general, some codes correspond to more than one pattern. Even in such a case, however, the exceptional patterns are only small variations of the major one. Completely different patterns are very few. (The residue number patterns for the second to seventh codes shown in Table II are incidentally identical. There are various residue number patterns for other codes not shown here). Residue numbers v 9 to v 20 are not shown in Table II , because it is too lengthy to show them and because they have more varieties of patterns in some cases.
In the following we demonstrate with some examples that motifs of local structures are well detected with the NNT codes. In the analyses we consulted the database SCOP (Murzin et al., 1995) and examined the results with the help of the program, PROMOTIF (Hutchinson and Thornton, 1996) .
α-Helix
The top 20 most abundant ST codes can be classified into two groups except for four codes. In one group the codes include a sequence 125834; for example, 67125834 (5584) (989), which are discussed in the β-sheet subsection below.
The typical residue number pattern {v 1 -v 8 } for the codes with 125834 is {i, iϩ1, iϩ3, iϩ4, iϩ2, j, k, iϩ2}. The pattern (Kraulis, 1991). for the code 68123457 is {i, iϩ1, iϩ2, iϩ3, iϩ4, i-1, iϩ4, i-1}. In dual expressions, the vertices v 1 , v 2 , v 5 ϭ v 8 , v 3 and v 4 correspond to the residue numbers, i to iϩ4, respectively, for the former code (symbol ϭ is used to indicate that the two vertex residues, v 5 and v 8 in this case, are identical). v 6 and v 7 do not have definite residue numbers relative to v 1 . For the latter code, the vertices v 6 ϭ v 8 , v 1 , v 2 , v 3 , v 4 , and v 5 ϭ v 7 correspond to the residue numbers, i-1 to iϩ4, respectively. The local structures corresponding to both the codes are one to two turns of α-helix, as shown in Figure 2 . In other words, the two abundant ST codes, 68123457 and 125834, are principal codes for the α-helix.
The most abundant NNT code, NNT code ϭ 125834: 68123457: 0: 0: 68123457 {v 1 -v 8 } ϭ {i, iϩ1, iϩ3, iϩ4, iϩ2,,, iϩ2} contains the above two ST codes (see Table II ). It represents part of the α-helix structure composed of tetrahedra T 0 , T 5 and T 8 . Tetrahedra T 6 and T 7 are missing. The residue numbers constructing T 0 , T 5 and T 8 are (i, iϩ1, iϩ3, iϩ4), (iϩ1, iϩ2, iϩ3, iϩ4) and (i-1, i, iϩ1, iϩ2), respectively. c(T 6 ) ϭ c(T 7 ) ϭ 0 means that there are no residues near this part of the α-helix.
For comparison we give an example that has a code with the same c(T 0 ), c(T 5 ) and c(T 8 ) as the above NNT code, but with nonzero c(T 6 ) and c(T 7 ) [c(T 0 ) ϭ 12583467 rather than 125834, because T 6 and T 7 exist]. The NNT code, the residue number pattern {v 1 -v 8 }, the number of tetrahedra with this NNT code found in the set of 293 proteins, N NNT , and some examples are shown in Table III(a). Fifteen out of 40 structures, which are superposed with respect to the vertex residues v 1 to v 8 , are shown in Figure 3 . While residues v 1 -v 5 and v 8 are on the same α-helix, v 6 ϭ v 7 are remote from them along the chain (v 6 ϭ v 7 Ͼ v 1 ). The residues v 9 to v 20 and those neighbouring v 1 to v 20 along the polypeptide chain are also included in Figure 3 . Although all the residues are not well fitted to each other, because the superposition is performed with respect only to v 1 to v 8 , these local structures seem to have a common feature with each other to represent a motif. This is supported by the fact that favorable amino acid types are limited at some vertices. For example, hydrophobic amino acid residues are favorable at v 6 ϭ v 7 (out of 40 structures with this code, 13, 4, 4, 2, 3 and 2 are Ala, Val, Leu, Ile, Gly and Pro, respectively) and hydrophilic amino acid residues or those with a small side chain are favorable at v 2 (11, 5, 4, 2 and 3 are Glu, Asp, Lys, Arg and Asn, and 5 and 3 are Ala and Gly, respectively).
The residue number patterns of the vertex residues v 6 ϭ v 7 , v 12 and v 14 in the segments located on the right of the α- helices in Figure 3 are (v 6 ϭ v 7 , v 12 , v 14 ) ϭ (j, jϩ1, j-3). This pattern implies that the structures of the segments are also α-helix. In actual fact, they are part of the α-helix. However, some are C-terminal and others are in the middle part of the α-helix. In addition, their relative spatial positions to the α-helices on the left differ (remember that the superposition of the structures was performed with respect only to the vertex residues v 1 to v 8 ). Nonetheless, the fact that favorable amino acid types are limited at v 6 ϭ v 7 , as described above, indicates an importance of some particular interactions of the residues at v 6 ϭ v 7 in the segment on the right with the residues in the α-helix on the left in Figure 3 . The second to seventh NNT codes in Table II commonly include the ST code 68123457 for tetrahedra T 0 , T 5 and T 8 , while either c(T 6 ) or c(T 7 ) is slightly different from each other. The varieties in c(T 6 ) and c(T 7 ) reflect the differences in the environment of the α-helices. This fact indicates that the α-helices can be classified according to the NNT codes that reflect the residues surrounding them.
The codes related to N-and C-terminal structures of the α-helix are also found. An example for the C-terminal one is:
NNT code ϭ 12583467: 681234: 57168234: 12683457: 68123457, {v 1 -v 8 } ϭ {i, iϩ1, iϩ3, iϩ4, iϩ2, iϩ5, iϩ5, iϩ2}. (data is not shown here). N NNT ϭ 26. Residues v 1 , v 2 , v 3 and v 5 take part in forming α-helix, and residue v 4 terminates it. v 4 is a special residue. Out of 26, 21 are Gly, three are Asn, and the remaining are Asp and His. These are a typical example of Gly-based motifs that cap the C-terminal end of α-helices, so-called C-cap of α-helices (Harper and Rose, 1993; Aurora et al., 1994) .
Residues v 12 and v 14 are on another segment, similar to Figure 3 . The structures of these segments are much more different from each other than those in Figure 3 , while the structures of C-terminal regions, where residues v 1 , v 2 , v 3 and v 5 are located, are well fitted to each other. The residue number patterns of the segments have also more varieties; (v 12 , v 14 
There are many codes to represent parallel and antiparallel β-sheet. Similar to the α-helix, these codes correspond to parts of the β-sheets. The most abundant ST codes related to the β-986 sheet are 67125834, 12583467, 12683457, 68125734, 68123574 and 12576834 (N ST ϭ 5584, 4762, 1771 67125834, 12583467, 12683457, 68125734, 68123574 and 12576834 (N ST ϭ 5584, 4762, , 1427 67125834, 12583467, 12683457, 68125734, 68123574 and 12576834 (N ST ϭ 5584, 4762, , 1131 . Some of them have already appeared above in the top 20 most abundant ST codes. As shown in Table I , the first two codes correspond to part of the α-helix, too. The residue number patterns for these six codes that correspond to the β-sheet (other patterns that do not correspond to the β-sheet for these codes are omitted here) are {v 1 -v 8 } ϭ {i, iϩ1, j, jϩ1, j-1, i-1, i-1, j-1}, {i, iϩ1, j, jϩ1, iϩ2, jϩ2, jϩ2, iϩ2}, {i, iϩ1, j, jϩ1, jϩ2, j-1, jϩ2, j-1}, {i, iϩ1, j, jϩ1, iϩ2, i-1, iϩ2, i-1}, {i, iϩ1, iϩ2, j, j-1, k, j-1, k}, and {i, iϩ1, j, jϩ1, iϩ2, j-1, iϩ2, j-1}, respectively. Here, the residues, i and j, are on different β-strands.
An example for parallel β-sheet is given in Figure 4 and Table III (b). The residues on the two parallel β-strands, (i, iϩ1, iϩ2) and (j, jϩ1, jϩ2), are (v 1 , v 2 , v 5 ϭ v 7 ) and (v 6 ϭ v 8 , v 3 , v 4 ), respectively. There are four strands in Figure 4 . Residues v 1 to v 8 are on the two central strands, while residues v 12 ϭ v 13 and v 16 ϭ v 17 are on the left and right strands, respectively. The folding types of proteins are mainly TIM barrels. α/β and all-β proteins are also included.
For local structures related to the parallel β-sheet, we found the cases where limited amino acid types are favoured by some particular vertices. Let us show two examples. [The structures are not shown here. Only the residues corresponding to v 1 to v 20 are shown in Table III (c) and (d)]. In Table III (c) five of six v 1 's are Lys, and the remaining one is Thr. The residues for v 2 and v 5 are hydrophobic; out of six, two, two, one and one are Leu, Val, Ile and Phe for v 2 , and four, one and one are Leu, Val and Ile for v 5 , respectively. In Table III (d) five of six v 6 's are Asp, and the remaining one is Gly. Incidentally the folding types of all the proteins containing these motifs are α/β.
Next we give an example for anti-parallel β-sheet:
NNT code ϭ 67125834: 6812345: 68125734: 8123574: 12683457, {v 1 -v 8 } ϭ {i, iϩ1, j, jϩ1, j-1, i-1, i-1, j-1} (the data is not shown here). N NNT ϭ 39. The residues on the two anti-parallel β-strands, (i-1, i, iϩ1) and (jϩ1, j, j-1) are (v 5 ϭ v 6 , v 1 , v 2 ) and (v 4 , v 3 , v 5 ϭ v 8 ), respectively. This motif consists of four strands. Residues v 1 to v 8 are on the two central strands, while residues v 17 and v 9 are on the outside strands. As for folding classes of the proteins, αϩβ, all-β and multi-domain are dominant.
Supersecondary structures
By the term supersecondary structure we mean a local structure composed of more than one secondary structure element, α-helix and/or β-strand in this paper. Three examples are given here. (Although the β-sheets are a supersecondary structure in this sense, they have been shown above according to the conventional classification).
The β-α-β is the most typical supersecondary structure (Richardson, 1981) . Figure 5 and Table III (e) show an example related to this motif. 68123457 is a principal code of α-helix as described above. The two groups of β-strands lay under the α-helix in Figure 5 . The vertex residues v 12 and v 13 are on the left and right groups of the β-strands, respectively. The relatively wide distribution of the β-strands reflect the fact that their relative spatial positions to the α-helices are not determined strictly in the β-α-β motif. As a matter of course, folding classes of most proteins are α/β.
Two anti-parallel α-helices is found with the following code: NNT code ϭ 7128354: 71823546: 0: 1682354: 1283457, {v 1 -v 8 } ϭ {i, iϩ1, j, jϩ4, jϩ1,, i-3, iϩ4}, N NNT ϭ 12. There is one exceptional case of {v 1 -v 8 } ϭ {i, iϩ1, j, jϩ4, jϩ1,, i-4, iϩ4}. The folding types of the whole proteins are all-α.
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In Figure 6 and Table III (f) an example related to two parallel α-helices over a β-strand is shown. There is one exceptional case of {v 1 -v 8 } ϭ {i, j, jϩ1, jϩ4, jϩ3, iϩ4, jϩ3, i-1} for 1mioC. A one-residue insertion caused this difference. It is observed in the lower part of the right α-helix in Figure 6 . While most of the vertex residues v 1 to v 20 are on either of the two α-helices, residues v 16 ϭ v 17 are on the β-strand under the α-helices in Figure 6 . It is remarkable that the amino acid type of v 2 is Gly for seven of nine, and those of the remaining two are Ala and Pro. The amino acid residues with a small side chain are favorable for v 4 and v 8 . The amino acid type of v 4 is Ala for five of nine and those of the remaining four are Gly, Val and Ile. The amino acid type of v 8 is Ala and Gly for four and three of nine, respectively. Those of the remaining two are Ser and Thr. The folding classes of the proteins are either α/β or αϩβ.
Miscellaneous motifs
There are many interesting motifs not related to secondary structures, each of which is a set of local structures with the same code. Only four examples are shown here.
Table III (g) shows an example related to a turn (the structure is not shown here). Residues v 1 to v 4 form a β-turn of type I (type IV in few cases). The β-strands preceding and succeeding this turn form an antiparallel β-sheet with each other. The residues Asp and Asn are favorable at v 6 ϭ v 8 . Figure 7 and Table III (h) show an example related to a β-bulge, which is an irregular region in a β-sheet lacking the normal pattern of hydrogen bonding. The type of the β-bulge shown here is called antiparallel (A) and G1 (G) according to Chan et al. (1993) (the type was defined by the program PROMOTIF [Hutchinson and Thornton (1996) in this study]). The three key residues, called X, 1 and 2, are v 5 ϭ v 7 , v 3 ϭ v 15 and v 4 , respectively. The fact that residue 1, i.e. v 3 ϭ v 15 , is Gly is a characteristic point for the β-bulge of type AG. It is also remarkable that the amino acid type of v 4 is Asp for seven of ten, and the remaining are Glu and Gln. Ca 2ϩ binding sites of the EF hand, i.e., loop structures connecting the E and F α-helices in Ca 2ϩ binding proteins (Kretsinger, 1980) Figure 8 and Table III (i) are an example related to structures including disulfide bridges. The fold of 2sn3 and 1pnh is classified as knottins (disulfide-bound fold containing β-hairpin with two adjacent disulfides), and that of 2tgi as cystineknot cytokines (three disulfide links arranged in a knot-like topology) according to SCOP. 1ixa and 1hcc are also disulfide-rich small proteins. However, 1avdA and 1ppn are classified as rather different fold types than the others, although they also have disulfide bonds.
In 2sn3, 1ixa, 1pnh and 2tgi the Cys residues at v 5 and v 17 form a disulfide bond, while the residues at these two site are not Cys in the other proteins. There are varieties of the formation of the disulfide bonds of the Cys residues at v 2 . In the disulfide bonds 16-41 of 2sn3, 78-15 of 2tgi and 47-5 of 1hcc the counterpart Cys residues do not belong to this local structure of v 1 to v 20 , while those in the disulfide bonds 62-51 of 1ixa and 83-4 of 1avdA are included in this local structure. There are other disulfide bonds: 8-26 of 1pnh and 44-109 of 2tgi. The local structure of 1ppn has no Cys residues, although this protein has three disulfide bonds in the other region. The fitting of the structures in Figure 8 is not good when compared with other examples shown in this paper. Nonetheless, these structures seem to have common characteristic features.
Discussion
In this paper we have proposed a novel method to detect a motif of local structures in protein conformations using the Delaunay tessellation. There are motifs at various levels, such as amino acid sequences, secondary structures, supersecondary structures, domains and tertiary structures. The motifs detected in this paper are parts of secondary and supersecondary structures, and other kinds of structures of similar size not directly related to the secondary structures. In this sense we call them motifs of local structures. The Delaunay tessellation divides the protein interior into the Delaunay tetrahedra whose vertices are C α atom positions uniquely. The edges of the tetrahedra can be regarded as an expression of the network of interactions between residues in 3D space. We intended to translate this 3D information about the network of the interactions into a one-dimensional sequence of digits, i.e., code, in this paper. We have achieved this by the unique numbering method of the vertices so that the code has information about the spatial arrangement of C α atoms and the sequential connectivity of the chain.
The local structures with the same NNT code can be collected easily by computer. The structures with the same code resemble each other for most cases. Although the NNT code can include information about topographical structure of the residues, it cannot contain their 3D structure explicitly. Therefore, the fact that the local structures with the same code are similar to each other is not trivial. In fact, there are the cases where few exceptional structures are included even for the NNT codes. Consequently, superposition of the structures is necessary to assess the degree of resemblance. Nonetheless, the method of structural comparison based on topographical properties is important, if we consider the structural flexibility of protein molecules (Mizuguchi and Go, 1995) .
The structures with the same code have a large variety in some cases (e.g., Figures 3, 5 and 8) . Such a variety comes from the variety of relative spatial positions of the constituent segments and/or from the variety of structures of the segments in themselves. Nonetheless, the structures with the same code appear to have some common features. For example, favorable amino acid residues are limited at some particular vertices in Figure 3 and Table III (c) and (d), and the locations of disulfide bridges are common in Figure 8 . β-α-β in Figure 5 and α-α on a β-strand in Figure 6 are typical supersecondary structures. The present method detects a motif of local structures from a topographical point of view rather than a superposition of the structures. This is the reason why such motifs can be detected by this method and one of the characteristic points of the method.
Although the final assessment of the degree of structural similarity should be carried out by their superpositions, a residue number pattern of the eight vertices v 1 to v 8 is useful for the first assessment. In most cases a given NNT code has only one residue number pattern, although there are some 989 codes which correspond to more than one residue number patterns. A gap or insertion is usually responsible for this difference, but there are few cases that completely different structures corresponds to the same NNT code. Although there are some exceptions, the NNT code has enough ability to distinguish the local structures in general.
Since there are a huge number of NNT codes, it is impossible to see all local structures corresponding to every code on a graphic display at present. Currently we directed our attention to the most abundant codes and to the codes corresponding to the structures in which the amino acid types are likely to be limited at some particular vertices.
The most abundant codes are, as expected, related to α-helix and β-sheet. It should be emphasized, however, that the secondary structures are not taken into account explicitly in the Delaunay tessellation and the code assignment procedures. As far as the interactions between nearest neighbouring residues in space are taken into account, it is natural that these structures are identified as a motif. However, the motifs defined in this study differ from other motifs proposed up to now, even if our discussion is confined to the secondary structures. First, the local structures corresponding to the NNT codes are neither one whole α-helix nor one whole β-strand, but parts of the α-helix and the β-sheet. In addition some of the residues (i.e., structures they form) surrounding these parts are taken into account in the code. Consequently there are many codes related to the α-helix and the β-sheet reflecting the differences of structures located near the relevant secondary structures. More detailed classification of the α-helix and β-sheet based on such differences may be possible so that we can understand interactions between residues to stabilize these structures.
The local structures not related directly to the secondary structures are also detected as shown in the Miscellaneous motifs subsection of Results. As emphasized above, these structures can be detected, because we did not put any presupposition about secondary structures into the method. Again we want to emphasize that various kinds of motifs, such as those shown in Results, are detected in the same procedures, i.e., the Delaunay tessellation and code assignment to the Delaunay tetrahedron.
Representation of the local structure by the code is convenient in finding similar local structures by computer. At first the Delaunay tessellation is applied to all proteins in the database, and then codes are assigned to the Delaunay tetrahedra obtained. The whole tetrahedra obtained for all the proteins in the database can be sorted easily with respect to the codes assigned, because the code is expressed as a number. As a consequence of the sorting, the tetrahedra, i.e., local structures, with the same code are collected automatically. We can use this set of sorted local structures as a new secondary database of protein structures.
This database can be used as follows. Suppose that we have a protein we wish to study. At first we can apply the Delaunay tessellation to this protein, and assign a code to every Delaunay tetrahedron obtained. Then, for each tetrahedron, i.e., for each local structure of this protein, we can easily derive the local structures with the same code from the database. Information about similar structures found in different proteins is helpful to understand and design them. However, it may be more helpful if we can know the different codes corresponding to similar local structures. In other words, clustering of the codes may be useful in such a database.
One of the difficulties of expressing local structures with a code is the problem of visualizing the local structures from that code. At present we have no idea about more comprehensive expression of the network of edges of the Delaunay tetrahedra. We may get more familiar with the codes in the future as the analyses of the codes progress.
There are huge number of codes. The analyses of local structures for whole codes have not been accomplished yet. Such analyses are now in progress.
